Abstract
Introduction
Magnetic resonance imaging (MRI) is a powerful technique for the investigation of soft tissue abnormalities. It has excellent spatial resolution, can be applied non-invasively, and does not require potentially harmful ionizing radiation. However, to obtain images of sufficient quality to permit a diagnosis to be made, a contrast agent is needed to permit discrimination between different tissue types. To date, Gd-based contrast agents have been effectively used to enhance the longitudinal (r 1 ) and transverse (r 2 ) relaxation times of water protons, thus improving the clarity of images obtained in magnetic resonance imaging (MRI). In patients with poor kidney function -such as those suffering from chronic kidney disease -Gd(III)-based contrast agents can lead to serious problems such as contrast-induced nephropathy [1] and nephrogenic systemic fibrosis (NSF) [2, 3] , which can both cause renal failure. This arises because high doses of Gd-based contrast agents are required to obtain good quality images. 3 To ameliorate these issues, manganese species have been explored as alternative contrast agents. The similarity of the ionic radii of Ca 2+ and Mn 2+ means that Mn 2+ can effectively compete with Ca 2+ in many biological systems, and the uptake of Mn
2+
can allow the tracking and visualization of both the healthy and diseased central nervous system [4, 5] . That said, caution is required because high-dose manganese accumulated within the human body, especially in the brain, can cause a form of Parkinsons's disease (manganism) [6] [7] [8] .
The Mn(II) complexes typically used are chelates such Mn(EDTA)(H 2 O) (Mangascan, Mn(II) ethylenediaminetetraacetate) and Mn(DPDP) (Teslascan, Mn(II) dipyridoxal diphosphate). A range of Mn aminophosphonate complexes has also been reported [9] , and found to have higher affinity for calcified tissues than aminocarboxylate complexes. In addition, the analogous gadolinium aminophosphonate complexes have previously been found to bind strongly to hydroxyapatite (one of the major constituents of bone) [10] .
The aim of chelation is to prevent the release of free Mn ions into the body, but the low molecular weight species described above can lose Mn(II) relatively easily, and dechelated Mn(II) ions can accumulate and lead to toxicity [11] . To preclude this, the immobilization of the ions into larger systems has been proposed. Several studies have explored this, for instance by incorporating MnO into colloidal particles [12, 13] and mesoporous silica [14] . Mn(II) chelates have additionally been immobilized onto a dendrimer structure [15] .
Here, we adopted a different approach to prevent leaching. Figure 1 ). We then intercalated these into Zn 5 -Cl. Finally, the proton relaxation properties of both the raw complexes and the complex-HDS composites were evaluated. [9, 10] .
The successful formation of the Mn aminophosphonate complexes was verified by elemental analysis and IR spectroscopy ( Table 1) . The stages of mass loss were not always clear however, and thus some uncertainty surrounds these numbers.
Ion exchange intercalation
The 
Fourier transform infrared (FTIR) spectroscopy
FTIR analyses were carried out on a Spectrum 100 instrument (PerkinElmer Co. Ltd, Waltham, MA, USA) over the range 650 -40000 cm -1 at a resolution of 4 cm -1 .
Thermogravimetric analysis
Thermogravimetric analysis ( 
Elemental microanalysis
C, H, and N contents were determined using the combustion method on a Flash 2000
Elemental Analyser (Thermo Scientific, Waltham, MA, USA).
Microwave plasma-atomic emission spectroscopy
The Mn content of the intercalation compounds was determined by microwave plasma-atomic emission spectroscopy (MP-AES; 4100 instrument, Agilent
Technologies, Santa Clara, California, USA). 10 mg of the sample was placed in a 50 mL volumetric flask and digested in diluted nitric acid (0.5 %). Calibration was performed over the range is 1.56 -100 ppm.
X-ray fluorescence
The Zn : Mn ratio in the intercalates was determined for selected samples using 8 X-ray fluorescence (XRF). Samples were finely ground before measurement and placed onto clingfilm. A glass slide was used to flatten the powders, and the samples were then placed onto the fluorimeter (X-Met 3000TXR+, Oxford Instruments, Abingdon, UK) for measurement.
In vitro release studies
Approximately 10 mg of the intercalation compound was placed in 20 mL of a phosphate buffered saline (PBS; pH 7.4) buffer and incubated at 37°C under stirring at 100 rpm. 10 mL aliquots were withdrawn from the buffer at predetermined time points and replaced by 10 mL of fresh buffer to maintain a constant volume. The aliquots were centrifuged (2000 rpm, 6 minutes; 5804R centrifuge, Eppendorf,
Hauppauge, NY, USA) and the Mn complex content in the resultant supernatant quantified by UV-vis spectroscopy (Cary 100 spectrophotometer, Agilent
Technologies, Santa Clara, California, USA). Each experiment was repeated three times, and results are reported as mean ± S.D.
Proton relaxivity measurements
Measurements of the longitudinal (T 1 ) and transverse (T 2 ) relaxation times of water protons were carried out on a Bruker Minispec mq20 relaxometer (20 MHz, 0.47 T, Bruker Corporation, Billerica, MA, USA) at 37°C, using inversion recovery and CPMG pulse sequences, respectively. 5 mg of the sample was placed in a 10 mm-diameter NMR tube and held using 1 mL of 1% agarose.
Results

X-ray diffraction
XRD patterns for the Zn 5 -Cl HDS and the intercalation compounds 
IR spectroscopy
The IR spectra of the intercalation compounds are presented in Figure 3 . 
Elemental analysis
XRF data were used to determine the Zn : Mn ratio in the intercalates: the results are shown in Table 3 . The Mn(II) complex contents were calculated to be approximately 10 wt% in the composites. There is initially a burst of release of MnL 3 (ca. 20 %) from the complex during the first 6 h of the experiment. This is followed by more gradual release reaching ca. 30 % after 24 h. These findings are very similar to those found in the literature for Gd complex intercalates of HDSs [19] . The burst effect is attributed to the external adsorption of some Mn(II) complex on the HDS surface. The subsequent release is thought to result from ion-exchange between the anions in the interlayer and phosphate anions in the buffer. This is a much slower process than release from the surface due to the strong electrostatic interactions which exist between the HDS layer and the MnL 3 complex. Given that only 30 % of the incorporated Mn(II) complex is freed after 24 h, it is thus clear that the intercalates have a high degree of stability under physiological conditions, and Mn(II) leakage is not a significant concern. 14 
Proton relaxivities
The longitudinal (r 1 ) and transverse (r 2 ) relaxivities (relaxation rate enhancement per mM metal ion concentration) of the Mn(II) complex intercalates, together with controls, are listed in Table 4 . The proton relaxivities of paramagnetic metal complexes may result from inner-sphere, second-sphere and outer-sphere contributions [20, 21] . The number of water molecules in the first hydration sphere is very important in determining the 15 size of the inner-sphere contribution. However, the contribution of water molecules present for long lifetimes in the second-sphere of complexes can also be significant [22, 23] . This is particularly true for polyaminophosphonate complexes, due to hydrogen bonding of water molecules with the phosphonate oxygens [24] . This effect is even more noticeable in phosphonate complexes with no inner-sphere water, such as Gd(DOTMP) [26] . This observation was in agreement with the X-ray crystal structure of the same complex [27] and further confirmed by proton nuclear magnetic relaxation dispersion studies [28] . The same technique was applied to MnL 1 , giving a value of q = 1.20; this was corrected to q = 1.32 or 1.44 assuming one or two unbound phosphonate groups at a time [26] . However this latter calculation might overestimate the q value, as it did not take into account the possible contribution of second sphere relaxation. ) which has q = 1 and a negligible second sphere relaxation contribution [29, 30] . Taking into account the significant second-sphere contribution expected, our results for MnL 1 point to a q value between 1 and 0. This is less than the water content observed by TGA, but it is very likely that not all the water evolved during heating is present in the inner sphere 16 of Mn(II).
The increase in the length of the linear aliphatic chain connecting the N atoms going from L 1 to L 2 ( Figure 5 ) slightly increased the relaxivities of the MnL 2 complex (to r 1 = 3.29 mM -1 s -1 , r 2 = 19.93 mM -1 s -1 ). This is probably due, in part, to the increased size of the compound leading to a slower tumbling time [9] . However, the structure of the L 2 ligand is such that steric hindrance may prevent the simultaneous co-ordination of all six donors groups to the metal ion, increasing the value of q, which also would contribute to the observed r 1 increase. This is in agreement with the observation that MnL 2 is less stable than MnL 1 [31] . The complex structure proposed in the literature (see Figure 6 ) for the complex with only two nitrogen atoms and one phosphonate group chelated to Mn(II) forming a stable cyclic structure is highly improbable, as it would imply a q value too high to be compatible with the observed r 1 [31] . There is evidence that aminophosphonate ligands with two or more phosphonate groups have lower coordination tendencies than expected due to the mutual repulsion between adjacent binegative phosphonate groups [32, 33] . This is reflected in the stability constants of the MnL 1 and MnL 2 , which are smaller than those of the corresponding carboxylate analogues EDTA and HDTA [31] . Therefore, the tendency to have some unbound phosphonate group may increase as their number increases in the ligand, with the resultant possibility of higher q values. [34] .
Among the four Mn complexes, Mn 2 (L 4 ) 2 shows the most effective relaxation. This is believed to be a result of it having a flexible structure (see Figure 7 ). This structure can lead to the wrapping of two Mn 2+ ions by two L 4 ligands, with a bridging water molecule, giving a coordination number of six for each Mn. This structure is consistent with the elemental analysis and TGA data. It is thought to give an increased number of inner sphere water molecules and therefore leads to the increased relaxivities attained. [34] The analogous Gd complexes have previously been studied in detail at 10 MHz and 37°C [10] . The Mn complexes generally have lower values for r 1 [10] . This is expected to arise because there is a much more important scalar contribution to r 2 in the case of Mn(II) complexes, while the scalar contribution to r 1 is very small, especially for Gd(III) complexes (where dipole-dipole interactions are dominant) [20, 21] . Such a scalar contribution to r 2 increases drastically at high magnetic fields due to the field dependence of the electron spin relaxation time ( S ), which rises sharply at high fields. In addition, the presence of a non-dispersive  S term in the equation for the contact relaxation causes r 2 to become proportional to  S at high fields, and thus to increase steadily [20] .
The Mn complex intercalates showed lower relaxivities than their physical mixture counterparts (see Table 4Table 4). These decreased relaxivities probably result from reduced hydration numbers. Steric compression in the interlayer might eliminate water molecules from the inner coordination sphere, meaning that in the intercalates 19 no water molecule is directly coordinated to the Mn complexes [35] . Low longitudinal relaxivities could arise from co-intercalated chloride ions exchanging with water molecules bound to Mn(II). In addition, HDSs have very high affinity for carbonate ions, and thus small amounts of dissolved carbon dioxide can lead to the incorporation of CO 3 2-into the interlayer space. This too could displace inner sphere water molecules from the Mn complexes.
Variation of intercalation conditions
In attempts to enhance the relaxivity, a number of experiments were performed in which the intercalation conditions were systematically varied. The molar ratio of The similarity of the intercalation compounds, regardless of the guest excess and water volume used, is reflected in their r 1 and r 2 values (see Table S5 ), which are all relatively similar. These are illustrated in Figure 9 . It can be seen that there are no major trends resulting from variation in reaction parameters. In terms of the r 1 values, and r 2 = 11.02 s -1 mM -1 respectively). Nevertheless, the previously reported systems still showed the ability to selectively enhance breast cancer cells in T 1 -weighted MRI [12] , or to label and track mesenchymal stem cells [14] . Thus, it seems likely that the Mn complex / HDS composites prepared in this work will also have utility as contrast agents. The advantage of the HDS-based materials is that the embedded Mn(II) is chelated (unlike the MnO systems), and therefore they are expected to have much reduced toxicity. 
Conclusions
Acknowledgements
